Accepted for publication in ApJ 

Preprint typeset using LAT^X style cmulatcapj v. 04/20/08 



O 

(N 

o 

Q 



O 

U 

6 

> 

in 
\o 
in 
m 

O 



X 



THE RELATIONSHIP BETWEEN BLACK HOLE GROWTH 
AND STAR FORMATION IN SEYFERT GALAXIES 

Aleksandar M. Diamond-Stanic 1,2 , George H. Rieke 3 

Accepted for publication in ApJ 

ABSTRACT 

We present estimates of black hole accretion rates and nuclear, extended, and total star-formation 
rates for a complete sample of Seyfert galaxies. Using data from the Spitzer Space Telescope, we 
measure the active galactic nucleus (AGN) luminosity using the [O iv] A25.89 /im emission line and the 
star- forming luminosity using the 11.3 fim aromatic feature and extended 24 /jm continuum emission. 
We find that black hole growth is strongly correlated with nuclear (r < 1 kpc) star formation, but 
only weakly correlated with extended (r > 1 kpc) star formation in the host galaxy. In particular, 
the nuclear star- formation rate (SFR) traced by the 11.3 /zm aromatic feature follows a relationship 
with the black hole accretion rate (BHAR) of the form SFR cx M^fj, with an observed scatter of 
0.5 dex. This SFR-BHAR relationship persists when additional star formation in physically matched 
r = 1 kpc apertures is included, taking the form SFR oc M%%. However, the relationship becomes 
almost indiscernible when total SFRs are considered. This suggests a physical connection between 
the gas on sub-kpc and sub-pc scales in local Seyfert galaxies that is not related to external processes 
in the host galaxy. It also suggests that the observed scaling between star formation and black hole 
growth for samples of AGNs will depend on whether the star formation is dominated by a nuclear or 
extended component. We estimate the integrated black hole and bulge growth that occurs in these 
galaxies and find that an AGN duty cycle of 5-10% would maintain the ratio between black hole and 
bulge masses seen in the local universe. 

Subject headings: galaxies: active, galaxies: nuclei, galaxies: Seyfert 



1. INTRODUCTION 

The discovery of correlations between the masses 
of supermassive black holes and the properties of 
galax y b ulges such as m as s (iKormendv fe Richstone 
1995 1 : iMaeorrian et all 1 1991 iMarconi fc Hunt 
2003 : lHaring fc Rbd I2004D a nd velocity di sp ersion 
dFerrarese fc Merrittl 12000: iGebhardt et"aTI [20001: 
iTremaine et all 120021 ) suggests a connection between 
the processes that regulate the growth of the central 
black hole and the galaxy bulge. Some models have ex- 
plained this connecti on via energetic feedback from the 
accre ti ng black hole (iSilk fe Reesl 119981; iWvithe fe Loebl 
[20031: iDi Matteo et all 120051: iSomerville et all |2008|) . 
which is o ften assumed to be triggered by galaxy merg- 
ers ( e.g., iKauffmann fc Haehneltl 120001 : iHopkins et all 
120051 ). While such violent, merger-driven activity may 
be important for fueling lumin ous quasars, secular 
processes in the h ost galaxy fe.g.. IHopkins fc Hernquistl 
120061 : |jogce 20Q6|) may be sufficient to explain the black 
hole accretion rates (BHARs) of lower-luminosity active 
galactic nuclei (AGNs) such as Seyfert galaxies. 

Important insights regarding the black hole-galaxy 
bulge connection and mechanisms for fueling AGNs 
can be obtained by studying the stellar populations 
of AGN host galaxies. There is evidence that cir- 
cumnuclear stellar populations aro und AGNs include a 
relatively young compon e nt (e.g.. iCid Fernandes et all 
[20011 iDavies et all 120071 : iRiffel et all 120091 ) and that 
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associated with 
Kauffma nn et al.l f2003: 



higher luminosity AGNs tend to be 
younger stellar p opulations (e.g 
Wil d et alll2007D . This connection may be driven by 
the fact that both black hole growth and star for- 
mation occur when large amounts of ga s are injected 
into the central region of a galaxy fe.g.. iSanders et al 



1983: IB arnes fc HernquistJll991trStorchi-Bergmann et al 



20011 ). although a mechanism is necessary to transport 
gas from r ~ 100 pc down to su b-pc scales, regardless 



of the exter n al fuel supply fe.g.. iShlosman et aL 119901 : 
IWadal l200i lEscalal [2007t Hopkins TOuataertl I2010fl . 



A more direct connection between nuclear star forma- 
tion and AGN activity has also be en proposed where 
mass loss from evolved star s (e.g., iNorman fc Scovilld 
[l98cl[Ciotti fc Ostrikerll2007D or angular-momentum loss 
associated with supernova-generated tur bulence (e.g., 
Ivon Linden et all 119931: iHobbs et all 120111 ) supplies the 
necessary material to the black hole accretion disk. 

Measurements of ongoing star formation in AGN host 
galaxies are useful for constraining the above models, but 
standard star-formation rate (SFR) diagnostics such as 
the ultraviolet (UV) continuum, the Hct emission line , 
or the infrared (IR) continuum (e.g.. lKennicuttl[l998al) 
are often contaminated by the AGN itself. The mid-IR 
aromatic (also known as PAH) features offer a solution 
because they probe the strength of the UV radiation 
field in ph oto-dissociation regions near young, massive 



stars (e.g., iPeeters et aflEHM lTielcns 2005; S mith et all 



20073 • While high-energy photons or shocks associ 
ated with the AGN could destr oy the mol e cular carriers 
of the aromatic features (e.g. , iVoitl 119921 : iGenzel et all 
11998ft . iDiamond-Stanic fc Riekel (|2010D showed that the 
11.3 fim feature remains a valid measure of the SFR for 
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the nuclear environments of local Seyfert galaxies. 

Previous studies that have used the aromatic features 
to assess the level of star formation in AGN host galax- 
ies have foun d it to be correlated w i th the AGN lu- 
minosity (e.g.. Ilmanishi fcW Vada 2004; Schw eitzer et al.l 
2"006tlShi et al.fl2007l; INetzer et ai.ll2007l : lLutz et al.1120081: 



Shi et all 12009). This is broadly consistent with models 



where star formation and AGN activity are both trig- 
gered by an external supply of cold gas or models where 
nuclear star formation fuels subsequent AGN activity. 
However, it is unclear how this empirical relationship 
behaves for a more complete sample of AGNs, how it 
varies as function of scale in the galaxy (e.g., nuclear v. 
extended star formation) , or to what extent there are dif- 
feren ces as a function of AGN luminosity or obscuration 
(e.g., iLutz et al.lfeOlOl ). 

In this paper, we extend the study of SFRs in AGN 
host galaxies to a complete sample of Seyfert galax- 
ies drawn from the revised Shapley-Ames galaxy cata- 
log (RSA. [Sandage fc Tammannlll987tlMaiolino fc Rieki 
119951: IHo et al.l Il997af l. All galaxies have nuclear 
mid-IR spectra fr om the Infrared Spectrograph (IRS, 
iHouck et ail [2004) and imaging from the Multiband 
Imag ing Photometer for Spitzer (MIPS, Rie ke et al 



2004) onboard the Spitzer Space Telescope (|Werner et al 



20041) . and we are able to treat nuclear (< 1 kpc) 
and extended regions separately. This spatially re- 
solved information allows us to assess the extent to 
which star formation and black hole accretion activ- 
ity are physically connected. We present measure- 
ments of BHA Rs based on the [O ivj A25 . 89 /mi emis- 
sion line (e.g., iDiamond-Stanic et al.l 120091 : iRigbv et al.l 
120091) . nu clear SFRs based on the 1 1.3 urn aromatic fea- 
ture (e.g.. IDiamond-Stanic fc Ri ekc 2010) , and exte nded 
SFRs based on 24 /im flux (e.g.. iRieke et al.ll2009D . We 
explore the relationships among these quantities and the 
constraints they place on models of black hole growth 
and galaxy evolution. 

2. SAMPLE, DATA, AND MEASUREMENTS 

We consider the R S A Se yfert sample analyzed by 
IDiamond-Stanic et al.l ()2009l ). which includes the 89 
Seyfer ts bri ghter tha n Bt = 13 from iMaiolino fc Riekel 
(| 19951) and IHo et all ([1997al) . This galaxy-magnitude- 
limited sample is unique in its s ensitivity to low- 
luminosity and highly obscured AGNs (jMaiolino fc Riekel 
119951 : iHoe t al. 1997a). The median distance of the sam- 
ple is 22 Mpc, where the 3.7" slit width of the IRS Short- 
Low (SL) module subt ends 390 pc. Distances and Se yfert 
types are compiled by IDiamond-Stanic et al.l (2009). 

For the analysis of BHA Rs, we use |"Q IV] A25 . 89 um 
emission-line fluxes from lPereira -Santacl la et al.l (2010), 
which are based on data from the Long-High IRS mod- 
ule. For the nine galaxies wi t hout J O iv] measurements 
from iPereira-Santaella et al.l (I2010D. w e use [O iv] up- 
per limits IDiamond-Stanic et al.l (|2009() , which are based 
on data from the Long-Low IRS module. When con- 
sidering [O iv1/[Ne III r atios, we use [Ne n] fluxes from 
IPereira-Santaella et al.l (|2010f ). which are based on data 
from the Short-High IRS module. Among the 84 sources 
with 11.3 /im aromatic feature measurements (see be- 
low), we focus our analysis on the 74 galaxies with 
[O lv]/[Ne n] > 0.15, including 12 sources with [O iv] up- 
per limits that are consistent with this ratio. For these 



galaxies the contributi on of star formation to [O iv ] is 
sub-dominant (< 30%. IPereira-Santaella et aT1l2010D . so 
we are able to use their [O iv] fluxes to robustly estimate 
BHARs. 

For the analysis of nuclear SFRs (Section |4|), we use 
measurements of the 11.3 /im aromatic feature and the 
[Ne n] A12.81 /im emission line based on data from 
the IRS SL module. We used the IRS SL module 
(rather than the SH module) for [Ne il] SFRs to en- 
able comparisons with aromatic-based SFRs in t h e sam e 
aperture. Following iDiamoncLS tanic fc Riekel (2010), 
one-dimensional spe ctra were extracted using CUBISM 
(jSmith et al.ll2007al ) with small apertures (3.6" x 7.2") 
designed to isolate nuclear emi ssion, and spectral f itting 
was performed with PAHFIT (jSmith et al.ll2007bD . For 
three sources (NGC3031, NGC3783, NGC4151), we did 
not obtain an adequate continuum fit near 11.3 /im, so 
we defined the local continuum using a power-law fit in 
the A = 10.75-10.9 /im and A = 11.65-11.85 /im regions. 
Our measurements are compiled in Table [TJ We exclude 
two sources (CIRCINUS, NGC1068) with saturated SL2 
data and three sources (NGC777, NGC4168, NGC4472) 
without 11.3 /im aromatic feature or [O iv] A25.89 /im 
detections, leaving a sample of 84 galaxies. 

Aperture corrections are necessary to determine to- 
tal nuclear fluxes because the above measurements only 
cover the central portion (1.2 x 2.3 X/D) of the point- 
spread function function (PSF) at A « 12 /im. Using the 
IRAC channel 4 (8.0 /im) PSF, scaled to match the ex- 
pected beam size at A — 11.3 /im (A — 12.8 /im), we find 
that our extraction aperture contains only 51.9% (45.3%) 
of the total flux from a point source. When determining 
SFRs, we therefore apply an aperture correction of 1.93 
(2.21) to the 11.3 /im aromatic feature ([Ne n]) fluxes. 

Using MIPS 24 /im images, we also consider the star 
formation in regions of each galaxy that are outside the 
IRS SL 3.6" x 7.2" extraction aperture. We measure 
24 /xm fluxes in circular apertures with radii r = 2.9", 
r = 1 kpc, and r = r ga i axy . For each galaxy we at- 
tribute all the 24 /im flux measured in the 2.9" aperture 
(diameter A/D) 4 to a central point source (i.e., un- 
resolved emission from both the AGN and nuclear star 
formation) and we use aperture corrections based on the 
MIPS 24 /im PSF to determine the point-source contri- 
bution in the larger apertures. We exclude these con- 
tributions aiid_convert the remaining fluxes into SFRs 
using the IRieke et al.l ()2009l ) calibration. The choice of 
r = 1 kpc matches the area subtended by the 3.6" x 7.2" 
aperture for the most distant galaxies and corresponds 
to the smallest physical aperture that can be used for the 
whole sample 5 . 

3. BLACK HOLE ACCRETION RATES 

The [O iv] line has been shown t o be an accu- 
rate tracer of AGN intrin s ic luminosity ( Mclcndc z et all 
I2008al: IRigbv et al.l [2001 IDiamond-Stanic et al.1 12009T T 
The line is dominated by the AGN unless the IR luminos- 
ity associated with SF exceeds t he AGN intrinsic lumi- 
nosity by an order of magnitude (IPereira -Santaella et al.l 

4 r = (3.6" X 7.2"/7r) - 5 = 2.9" 

5 r = 2.9" corresponds to r = 0.97 kpc at D = 70 Mpc. The 
only galaxy with D > 70 Mpc is Mrk 509 (Diamond-Stanic ct al. 
2009). 
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Fig. 1. — The demographics of AGN luminosity, Eddington ratio, 
and black hole mass for the RSA Seyfert sample. The sample 
includes low- to moderate-luminosity AGNs with masses generally 
below 10 8 Mq . The most rapidly accreting sources with L/LEdd > 



120101) . We use the calibration of IRigbv et all ([20091 ) to 
convert between [O iv] luminosity and AGN intrinsic lu- 
minosity, Lagn = L\q rv] x 2550, which has an rms scat- 
ter of 0.4 dex. Assuming a radiative efficiency w = 0.1 
(Lagn = vMbhc 2 ), this is equivalent to the following: 

M BH (M Q yr- 1 ) = 1.7 x 10- 9 L([O iv], L©) (1) 

We note that there are theoretical expectations that the 
radiat ive efficiency may drop at both high (L/LEdd > 1, 
e.g 
e-g 



Abramowicz et all 1 19881) and low (L/LEdd < 0.01, 
Naravan k Yil 119951)" tion rates due to advec- 
tion of matter onto the black hole. The latter regime is 
relevant for our sample, such that equation Q] may un- 
derestimate the true mass accretion rate for sources with 
small L/LEdd values. 

To assess the demographics of the sample in 
terms of the ratio of the AGN intrinsic luminos- 
ity to the Eddington luminosity, Ledd = 1.3 x 
10 46 [Mb ff/lO 8 M ) erg s _1 , we gathered estimates of 
black hole mass from the literature based on high- 
resolution gas, stellar, or maser dynamics (5 objects), 
reverberation mapping (10 objects), and bulge velocity 
dispersion (46 objects). The values of AGN intrinsic lu- 
minosity, black hole mass, and Eddington ratio for the 



sample are shown in Figure Q] and compiled in Table [TJ 
Most objects fall in the range Lagn 
M BH = 10 6 -10 8 M Q , and L/L Edd = 



- 10 42 - 
10" 4 - 



10 erg s 
1. 



4. NUCLEAR STAR-FORMATION RATES 



The mid-IR aromatic features (e.g.JPeeters et al]|2004l : 
iSmith et al.ll2007at ICalzetti et all 120071). the [Ne ill line 
(e.g.. IHo fc Ketol l2007t IDi'az-Santos et all I2010D. and 
the 24 fjm continuum luminosity (e.g., ICalzetti et aT] 
120071: iRieke et all I2009D can all be used as tracers 
of the SFR for normal star-forming galaxies. How- 
ever, when a galaxy contains a central AGN, dust 
heated by the A GN will likely do minate the 24 fim 
continuum (e.g., IBrand et al.l [2006:) , ionizing photons 
from the AGN can con t ribute significantly to [Ne I I] 
(e.g., iGroves et all 120061: iPereira-Santaella et al.l boiOD . 
and high-energy photons or shocks associated with the 
AGN may destroy or modify the molecule s that pro- 
duce the mid-IR aromatic features (e.g.. IVoitl Il992t 



IQ'Dowd et al.l [2001 Ibiamond-Stanic k Riekd 12010ft. 
Nonetheless. iDiamond-Stanic k Riekd ([2010D showed 
that the 11.3 (im aromatic feature is r obust to the ef- 
fects of AGN- and shock-processing, and iMclcndc z et al.l 
(|2008bl ) outlined a method to determine the star- 
formation contribution to [Ne n] for AGNs. In this sec- 
tion, we evaluate the merit of the 11.3 fim aromatic fea- 
ture and the [Ne n] emission line for estimating nuclear 
SFRs of AGN host galaxies. 

4.1. SFR Calibrations 

We used the IRieke et"al~l (|2009D star-forming galaxy 
templates to convert the 11.3 /im aromatic feature and 
[Ne n] emission-line strengths into SFRs. Based on 
spectral decompositions with PAHFIT, we determined 
the strength of these features for the templates in the 
Lib = 10 9 75 -10 10 75 Lq range, which are appropriate 
for the nuclear SFRs in the sample (< 10 M Q yr -1 ). 
For these templates, the 11.3 /im aromatic feature con- 
tributes 1.2% ± 0.1% of the IR luminosity, while [Ne n] 
contributes 0.13% ± 0.01% (above L IR = 10 11 L these 
fractio ns drop to ~ .5% a nd ~ 0.07%, respectively). Us- 
ing the IRieke et"aLl (|2009l ) calibration between Lir and 
SFR 6 , we find for this luminosity range: 

SFR(M Q yr" 1 ) = 9.6 x 10 -9 L(11.3 fxm, Lq) (2) 
SFR(M Q yr- 1 ) = 8.9 x 10- 8 £([Ne n],£ Q ) (3) 

We note that equation 2 of IHo k Ketol (|2007l) implies 
that [Ne n] contributes, on average, only ^0.05% of the 
IR luminosity (albeit with a large scatter of 0.51 dex). 
Such a small L[ Ne ratio is more consistent with 

the IRieke et al.1 (|2009f ) templates above Lj r = 10 11 Lq. 
For lower lumin osities. iTrever et all ()2010l ) note that the 
sample used by IHo fcK eto (20071) includes a number of 
low-metallicity g alaxies where [N e III] is the dominant 
Ne species (e.g., IWu et all 120061 ). resulting in smaller 
L[Neii]/L/fl ratios. Thus for the sources considered in 
this paper, our equation [3] is more appropriate for con- 
verting [Ne n] luminosities into SFRs. 



6 The IRieke et all 11200911 cal i bration yields SFRs that are 0.66 
times those from the Kcnnicutt (1998a) calibration due to different 
assumptions about the stellar initial mass function. 
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Fig. 2. — The relationship between [Ne II], 11.3 (im aromatic feature, and [O iv] luminosity. We show the [Ne ll]-[0 iv] relationship for 
the 12 micron, Swift-BAT, and RSA samples, as well as the aromatic— [O iv] relationship for the RSA sample. The [Ne II] and aromatic- 
feature axes are normalized based on their typical ratio in star- forming galaxies, and the handful of star burst-dominated Seyferts with 
[O lv]/[Ne II] < 0.15 are not plotted. This figure illustrates that [Ne II]— [O iv] relationships is tighter than the aromatic-[0 iv] relationship, 
with the discrepancy being driven by sources with larger [Ne ll]-to-aromatic-feature ratios. 



4.2. Comparing Aromatic and [Ne II] SFRs 

We show the relationship between [Ne n], [O iv], and 
11.3 /jm aromatic feature luminosities for RSA Seyferts 
in Figure[2] For reference, we also show the [Ne n]-[0 iv] 
relationship for Seyfe rts from the 12 /urn sample (e.g., 
Tommasin et al.l I2010T) and the Swift-BAT sample (e.g., 
Weaver et al.l 1201 Of ) that are not starburst dominated 
(i.e., excluding the « 10% of sources with [O iv]/[Ne n] < 
0.15, see Section [2]). This figure illustrates that there is 
less scatter in the [Ne n]-[0 iv] relationship (0.41 dex) 
than in the aromatic-[0 iv] relationship (0.52 dex), im- 
plying a tighter connection between the two quantities. 
This figure also illustrates that if one attributes all of the 
[Ne n] flux to star formation, the [Ne ii]-based SFR often 
exceeds the aromatic-based SFR. 

To investigate this behavior in more detail, we compare 
aromatic and [Ne n] SFRs as a function of the equivalent 
width (EW) of the 11.3 /j,m aromatic feature in the top 
panel of Figure [31 We find good agreement between aro- 
matic and [Ne n] SFRs for sources with EW(11.3 fim) > 
0.3 /xm, with 0.2 dex of scatter around the median ra- 



tio SFR[ Nc n ]/SFR ii. 3 Mm = 1.14, consistent with pre- 
vious results from iDiamond-Stanic &: Riekd (|2010f ) for 
a subset of this sample. The largest outlier in this 
regime, NGC26 39, shows evidence for suppres sed aro- 
matic features (|Diamond-Stanic fc Riekel I2010D . How- 
ever, for sources with EW(11.3 /Ltm) < 0.3 /urn, the [Ne n] 
SFR estimates are systematically larger than the aro- 
matic SFRs. Given that the aromatic feature EW is a 
prox y for the ratio of st ar-forming to AGN luminosity 
(e.g.. iGenzel et all I1998T ) . this behavior illustrates that 
the SFR discrepancy is associated with AGN-dominated 
sources. 

In the bottom panel of Figure [3l we show that the 
sources with discrepant SFRs also tend to have larger 
[O lv]/[Ne n] ratios, suggesting that the radiation field 
is dominated by the A GN. The typical [O lv]/[Ne ill ratio 
for AG Ns is ~ 3 fe.g..lSturm et alj|2002t iMelendez etHI 
2008b] iPereira-Santaella et al.ll2010i r so for sources with 
[O lv]/[Ne n] > 3 and large [Ne n]-to-aromatic- feature 
ratios, it is likely that the observed [Ne n] is dominated 
by the AGN rather than star formation. For sources 
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Fig. 3. — Top panel: The ratio of SFRs derived from the [Ne n] 
line to SFRs derived from the 11.3 fim aromatic feature as a 
function of EW(11.3 fim). Sources whose [Nc n] and aromatic 
SFRs differ by more than a factor of two are noted by filled sym- 
bols. This ratio scatters around unity (dashed line) for sources 
with EW(11.3 fim) > 0.3 fim (dotted line). However, sources 
with smaller EWs tend to have systematically larger [Ne n]-to- 
aromatic-feature ratios. Bottom panel: The [O lv]/[Ne n] ratio 
as a function of EW(11.3 fim). Sources with discrepant [Ne n] 
SFRs are most commonly found in the AGN-dominated region 
(top-left) of this plot. The two sources with [O lv]/[Ne II] < 0.3 
and EW(11.3 fim)< 0.1 fim (NGC3031, NGC1275) are discussed 
in the text. 



with large [Ne n] -to-aromatic-feature ratios but smaller 
[O iv]/[Ne n] ratios, the situation is less clear. How- 
ever, the amount of [Ne n] produced by the AGN is 
strongly dependen t on the ionization parameter (e.g., 
IGroves et alll2006l ). and it is not uncommon for the ob- 
served [O iv]/ [Ne n] ratio for AGNs to be as large as 
~ 10 or smaller than unity (e.g.. IPer eira-Santaell a et al.1 
120101 Figure©. The two sources with [O iv]/[Ne il] < 
0.3 and EW(11.3 /im)< 0.1 /im are the nearby spiral 
galaxy M81 (NGC3031) and the radio galaxy Perseus 
A (NGC1275) 7 , both of which may exhibit advection- 
dominated accre tion flows with softer spectral energy dis- 
tributions (e.g., iQuataert et al.l 119991; [Balmaverde et al.l 
\2(M IMiller et al.ll2010f ). 

7 Both of these galaxies have strong silicate emission, which de- 
creases their EW(11.3 fim) values because we include silicate emis- 
sio n as a continuum c omponent. For a detailed analysis of M81, 
see lSmith eFaLl l20TCf ). 
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Fig. 4. — T he ratio of SFRs derived from the [Ne II] line, using 
the method of Mclcndcz ct al. (2008b) to subtract the AGN con- 
tribution to [Ne ll], to SFRs derived from the 11.3 ^m aromatic 
feature as a function o f the [O lv]/[Ne ll] ratio. We find that the 
IMelend cz ct al. (2008b) method can overestimate SFRs for sources 
with [O lv]/[Ne ll] < 0.3 and underestimate SFRs for sources with 
[O IV] /[Ne II] > 1. 



Several authors have discussed the question of what 
fraction of [Ne n] emission is produced by the AGN (e.; 



Sturm et afll200 2; Schw eitzer et a l. 2006; Mclcndc z et al.l 
2008bHWeaver et alj|2010t IPereira-Santaella et al.ll2010jh 



This fraction can be estimated by assuming a fiducial 
relationship between [O iv] and [Ne n] emission for 
pure AGNs (i.e., with no star formation contribution 
to [Ne n]), and then attributing e xcess [Ne ll] emis- 
sion to star formation. For example, (St urm et al.ll2002l) 
ado pted the ratio [O iv]/[N e n] = 2.7 for pure AGNs, 
and iMelendez et al.l (|2008bO determined a luminosity- 
dependent relationship between [Ne n] and [O iv] for 
Seyfert galaxies with undetected aromatic features, yield- 
ing a pure AGN ratio of [O iv]/[Ne n] = 0.9 for sources 

and [O iv]/[Ne n] = 3.1 
We compare 



with L 



o iv] 



10 39 erg s _1 



for sources with L 



[O iv] 



10 42 erg s" 1 



aromatic SFRs to [Ne n] SFRs estimated based on this 
latter method in Figured] There is rough agreement in 
the median SFR between the two methods, but there is 
significant disa greement on a source-by -source basis. In 
particular, the Mclcnd ez et al.l (]2008bD method assigns 
SFR=0 for a large number of RSA Seyferts with clearly 
detected aromatic features, and it gives larger SFRs for a 
number of sources with smaller [O iv]/[Ne n] ratios (e.g., 
NGC3031 and NGC1275, as discussed above). 

Thus, for any individual Seyfert galaxy, it is not 
straightforward to determine an accurate SFR based on 
its [Ne n] emission line, primarily because the AGN con- 
tribution to [Ne ill varies sign i ficantly from source to 
sourc e (e.g.. IGroves et all [2006; Pcrcira-Santacll a et al.l 
2010). If one assumed that all of the [Ne n] emission 
were produced by star formation, one would overesti- 
mate SFRs for AGN-dominated sources and underesti- 
mate the scatter in the relationship between AGN and 
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Fig. 5. — The relationship between nuclear SFR as traced by the 11.3 (im aromatic feature and BHAR as traced by [O iv], Seyferts with 
high accretion rates also tend to have enhanced nuclear SFRs. The solid line is the best-fit relationship (equation |4j , and the dotted lines 
show the 95% confidence interval on the regression line. 



star-forming luminosity (e.g., see Figure [2J, thus con- 
cluding that this relationship is stronger than it actu- 
ally is. The destruction of aromatic molecules by the 
AGN does not appear to have a significant effect on the 
11.3 /im aromatic feature in t he circumnuclear environ- 
ment of local Seyfert galaxies (jDiamond-Stanic fc Riekd 
2010). That said, if such destruction were important, it 
would mean that the connection between star-formation 
rate and black hole accretion rate (a central result of this 
paper, see Section [5]) is actually stronger than we've pre- 
sented. We therefore adopt the 11.3 jxm aromatic feature 
as the most robust tracer of the SFR for our sample. We 
adopt an uncertainty of 0.2 dex on conversions between 
the 11.3 /xm aromatic feature strength and IR luminosity 
bas ed on the scatter in this ratio for the SINGS sam- 
ple ([Smith et a l. 2007a) and an additional uncertainty of 
0.2 dex for conver sions between IR luminosity and SFR 
(jRieke et al.ll2009D . Adding these in quadrature, the un- 
certainty on SFRs obtained from equation [2] is 0.28 dex. 

5. RESULTS 

5.1. Black Hole Accretion v. Nuclear Star Formation 



In Figure [SJ we show the relationship between BHAR, 
as traced by [O iv], and nuclear SFR, as traced by the 
11.3 /Ltm aromatic feature. A strong correlation is ap- 
parent: Seyferts with larger BHARs tend to have larger 
nuclear S FRs. We use the linear regression method 8 out- 
lined by iKellvl (|2007t ) to quantify the relationship be- 
tween nuclear SFR and BHAR: 



SFR(11.3 fim, M Q yr™ 1 ) = 7.6. 



-9.8 
-3.9 



M 



0.80 



BH 



M 



+ 0.14 
0.12 



(4) 



The uncertainties on the regression parameters above 
correspond to the interval that includes 90% of the pos- 
terior distribution for each parameter (see Table 2). The 
best-fit regression line and 95% confidence interval, given 
the uncertainties in the regression parameters, are shown 
as solid and dashed lines in Figure [5] The observed scat- 
ter around this relationship is 0.52 dex (treating BHAR 
upper limits as detections), although the posterior me- 
dian estimate of the intrinsic scatter is 0.37 dex (see Ta- 

8 code ava ilable from the IDL Astronomy User's Library (lin- 
mix_err.pro), http://idlastro.gsfc.nasa.gov/ 
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Fig. 6. — The relationship between [O iv] flux and 11.3 /im aro- 
matic feature flux. The correlation between these two observed 
quantities is statistically significant, illustrating that the connec- 
tion between the derived physical quantities (nuclear SFR and 
BHAR) is real and not just driven by the distance-squared fac- 
tor in luminosity— luminosity plots. 



Fig. 7.— The nuclear SFR/BHAR ratio as a function of BHAR. 
The median ratio SFR/BHAR=23 is shown as a dotted line. There 
is mild anti-correlation such that sources with large accretion rates 
tend to have smaller SFR/BHAR ratios. Plot symbols are the same 
as in Figure [l] 



ble 2), suggesting that much of the observed scatter may 
be driven by the measurement errors on SFR and BHAR. 

To test whether the relationship between SFR and 
BHAR could be driven by the distance dependence in- 
herent in luminosity-luminosity plots, in Figure [5] we 
show the relationship between the observed quantities, 
11.3 //m aromatic feature and [O iv] flux. The corre- 
lation in this flux-flux plot is still statistically signifi- 
cant (Spearman's p=0.66, probability of no correlation 
p < 1 x 1CT 6 ; llsobe et al.|[l98l lLavallev et aHU99l . 
confirming the reality of this relationship. 

We investigate the behavior of the SFR/BHAR ratio 
as a function of BHAR in Figure [7] the median ratio 
SFR/BHAR=23 is shown as a dotted line. A mild anti- 
correlation exists such that sources with large accretion 
rates tend to have smaller SFR/BHAR ratios (Spear- 
man's p=-0.48, p = 8 x 10~ 5 ). Thus, consistent with 
the sub-linear slope in equation 2] this indicates that the 
nuclear SFR does not keep pace with the BHAR towards 
high AGN luminosities. We find no significant difference 
in the nuclear SFRs or SFR/BHAR ratios between dif- 
ferent Seyfert types (see Section HT4")) . 

5.1.1. Nuclear Star Formation in Physically Matched 
Apertures 

As described in Section [3J we also measured 24 /im 
fluxes inside r — 1 kpc apertures to assess contributions 
from star formation that falls outside our IRS extraction 
aperture. In Figure|51 we show that this contribution can 
be significant for sources with D < 30 Mpc. Since the 
nearby sources tend to be have smaller BHARs, includ- 
ing this additional star-formation contribution leads to a 
shallower relationship between nuclear SFR and BHAR. 
We show this relationship in Figure HI which is described 



by the following: 

SFR(r = 1 kpc, M & yr- 1 ) = 4.7+Jj (]j^pr) 

(5) 

Again, the uncertainties on the values above correspond 
to the interval that includes 90% of the posterior dis- 
tribution for each parameter (see Table 2). The ob- 
served scatter around this relationship is 0.50 dex and 
the posterior median estimate of the intrinsic scatter is 
0.41 dex. The bottom panel of Figure |9] illustrates how 
the SFR/BHAR ratio tends to decrease as a function of 
BHAR. 

It is worth noting that our sample does not include 
galaxies with larger SFR/BHAR ratios by definition 
since this is a sample of AGNs and is limited to sources 
that have [O lv]/[Ne II] > 0.15, where we can accurately 
estimate AGN luminosities (see Section [2]) . Based on 
equations [T] and |31 this cut corresponds to a SFR/BHAR 
ratio of ~ 350, which is similar to the maximum ratio in 
Figure [U 

5.2. Black Hole Accretion v. Extended Star Formation 

The connection described above between black hole ac- 
cretion and nuclear star formation motivates us to con- 
sider whether such a relationship also exists between 
black hole activity and star formation on larger scales 
in the host galaxy. We examine this relationship using 
extended (r > 1 kpc) SFRs estimated from MIPS 24 /mi 
fluxes (see Section [21 Table [lj and Figure [10]) and total 
SFRs estimated from the nuclear and extended compo- 
nents (see Figure HU). 

There are correlations present in Figures [TUrfTTl but 
the scatter is significantly larger than for nuclear SFRs 
(Figures [5] and [9]). The posterior median estimate of 
the intrinsic scatter in the SFR-BHAR relationship is 
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Fig. 8. — The ratio of the the SFR determined from the 11.3 /im 
feature to the SFR in a r = 1 kpc aperture, where additional con- 
tributions from 24 fim emission outside the spectroscopic aperture 
are included, as a function of galaxy distance. Such contributions 
are often significant for sources with D < 30 Mpc. 



0.73 dex for r > 1 kpc SFRs and 0.86 dex for total SFRs. 
Furthermore, the correlation probabilities for the flux- 
flux versions of these extended and total SFR relation- 
ships are not highly significant (see Table 2), illustrating 
that the connection between the physical quantities is 
weak. In addition, the observed significance is enhanced 
by a Malmquist-type bias against more distant galaxies 
with lower SFRs, related to the galaxy apparent magni- 
tude limit of the RSA Seyfert sample. 

To illustrate the stronger correlation and smaller scat- 
ter associated with nuclear SFRs, in Figure [T^] we show 
the posterior distributions for the correlation coeffi- 
cient and intrinsic scatter of the SFR-BHAR relation- 
ship when considering (1) 11.3 /im aromatic feature, (2) 
r = 1 kpc, (3) r > 1 kpc, and (4) total galaxy SFRs. 
This figure illustrates that while the BHAR correlates 
reasonably well with star formation on sub-kpc scales, it 
is only weakly related to extended and total star forma- 
tion activity. 

6. DISCUSSION 

Our results present a picture where the star formation 
on sub-kpc scales in AGN host galaxies traces the BHAR 
in a somewhat sub-linear fashion, while star formation 
on larger scales o nly weakly traces the BHAR. Recently, 
ILutz et aLl (|2010D argued that host galaxy star forma- 
tion only shows a clear dependence on AGN luminosity 
for high-luminosity sources (Lagn > 10 erg s _1 or 
Mbh > 0.1 Mq yr _1 , see their Figure 6), but our results 
show that this relationship persists towards lower AGN 
luminosities if one considers only the nuclear component 
of the host galaxy. Given that estimates for samples of 
AGNs usually provide only total SFRs (see Section |6~T) . 
the observed scaling between SFR and BHAR may de- 
pend on whether the star formation is dominated by a 
nuclear or extended component. 
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Fig. 9. — The relationship between nuclear SFR (measured on 
r = 1 kpc scales) and the BHAR. A strong correlation exists, and 
the slope of the relationship is sub-linear as sources with larger 
BHARs tend to have smaller SFR/BHAR ratios (see equation [5|. 



6.1. Comparison with Previous SFR and BHAR 
Measurements 

Several authors have estimated SFRs for AGN host 
galaxies and explored the relationship with BHAR. Some 
find an approximately linear relationship (a > 0.8, where 

SFR oc Mmmj e -S-> ISatvapal et al1l20l)5t INetzed 12001 
iShi et all 120091) consistent with our results for nuclear 
SFRs traced by the 11.3 /zm aromatic feature (equation^ 
Figure [5]) , while other s finding a much shallower rela- 
tionship (a < 0.5. e.g.. | Hao et al . 2005; Silverman et al.l 



[200l [Bonficld et aljl20ill i , more consistent with our re- 
sults for extended and total SFRs (Figures [TU1 [TT]) . 

Among studi es that have u sed the aromatic features to 
estimate SFRs, iNetzerl (|2009f ) compiled Spitzer m easure- 
ments for 28 z ~ 0.1 QSOs (iNetzer et ai J 120071 ) and 12 
z ~ 2 QSOs (jLutz et al.ll2008 ) to complement their own 
study of a large sample of type 2 Seyferts and LINERs 
from the Sloan Digital Sky Survey (SDSS). The AGN 
luminosities for the SDSS sources were estimated using 
the [O m]A5007 and [O i1A63 00 lines, and SFRs were es - 
timated using the method of IBrinchmann et al.l (2004). 

They found a relationship of the form SFR oc Mgjj 
with a SF R/BHAR r atio ~ 30 for M BH = 0.1 M yr" 1 . 
Similarly, IShi et all (|2009ft considered the relationship 
between 5-6 /im continuum luminosity and aromatic- 
feature luminosity for a sample of 89 PG quasars at 
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Fig. 10. — The relationship between extended SFR (measured on Fig. 11. — The relationship between a galaxy's total SFR and 

r > 1 kpc scales) and the BHAR. Only a mild correlation exists BHAR, which exhibits only a weak correlation, 

between these quantities. 



z < 0.5 (IShi et all 12001 and 57 SDSS quasars at z ~ 1 
and found a relationship of the form SFR cx M B ^ ±om 
with a SFR/BHAR ratio ~ 10 for sources with Mbh = 
1 M yr -1 . These relationships are consistent with our 
results for aromatic-based SFRs (Section f 5 . 1 [) . although 
they extend to higher luminosities. 

A number of studies have also used measurements 
of far-IR luminosities of AGNs to estimate host galaxy 
SFRs. There are uncertainties regarding poorly sam- 
pled IR spectral energy distributions a nd contributions 
from dust heated by the AGN (e.g., iSchweitzer et all 
120061 : IShi et all 120071 ) . but th ese estimates are none the- 
less instructive. For e xample. ISatvapal et all (|2005l ) ex- 
panded on the work of IDudik et all (|2005[ ) and compiled 
AGN and far-IR luminosities for a sample including 86 
Seyferts and quasars, for which they found a relation- 
ship of the form SFR cx M°f with an SFR/BHAR 

ratio ~ 60 at M B h = 0.1 M Q yr" 1 . This is similar 
to our Equation 2J but with a somewhat higher SFR 
normalization. On the other hand, a shallower relation- 
ship (a — 0.29) with a much larger SFR normalization 
(S FR/BHAR ~ 300 at M BH = 0.1 M Q yr" 1 ) was found 
bv lHao et all (|200l for a sample of 31 AGN-ULIRGs at 



l2009tlHatziminaoglou et alll2010tlBonfield et al1l201lD in 



z < 0.5, where excess emission at 60 /Ltm was attributed 
to star formation. More recently, such a shallow slope 
(a < 0.5) has also been fou nd by several studies of op- 
tically selected quasars (e.g.. lSerieant fc Hatziminaogloul 



fields that have Spitzer or Herschel ( Pilbratt et al.ll2010| ) 
coverage. 

Several studies of X-ray selected AGN s have also found 
a sha llow SFR-BHAR relationship. iSilverman et all 
(2009) used the [O u] A3727 line to estima te SFRs for a 
sample of COSMOS (|Scoville et all l200l X-ray AGNs 
and found SFR cx M°f ±0 ' 22 with a SFR/BHAR 

ratio ~ 50 at M BH = 0.1 M Q yr" 1 . lAtlee et all 
(|201 If) considered a sample of X-ray and IR-selected 
AGNs in galaxy clusters, with SFRs estimated from 
spectral decompositions of mid-IR data (jAssef et all 
l20Tor) . and found SFR cx M°^ 6±0 06 . While these 
sources reside in denser environments, their AGN lu- 
minosities and total SFRs f all in the range of RSA 
Seyferts. iLutz et all (poTof ) and iShao et all (poTol ) 
measured 870 ^m and 100-160 fim emission, respec- 
tively, for samp l es of Chandra X-ray-sel e cted AGNs 
(I Alexander et alll2003t iLehmer et all 120051: iTozzi et all 
120061) . and compiled 60 /x m measurements for loc al AGNs 
detected by Swift-BAT (jCusumano et all 120101) . They 
also find a shallow SFR-BHAR slope (a ~ 0.4), but ar- 
gue that star formation and black hole growth are more 
closely linked a t high er AGN luminosities. Recently, 
iMullanev et all ([201 ll ) found no correlation between X- 
ray luminosity and far-IR luminosity for moderate lumi- 
nosity X-ray sources (Lx — 10 42 -10 44 erg s" 1 ) up to 
z~3, consistent with the weak relationship we find for 
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Fig. 12. — The posterior distributions for the correlation coef- 
ficient and intrinsic scatter in the SFR— BHAR relationships for 
different SFR values. This figure illustrates that the relationships 
with nuclear SFR exhibit a stronger correlation with smaller scat- 
ter than the relationships with extended and total star formation. 



total SFRs. 

6.2. Comparison with Model Predictions 

A number of authors have made theoretical predic- 
tions for the behavior of the SFR and the BHAR dur- 
ing the AGN phase. These models differ primarily in 
their predictions for the nuclear SFR/BH AR ratio, rang- 
ing fr om ~ 1 (e.g., IKawakatu fe Wadal [2001 ) to - 10 3 
(e.g., iThompson et~all [2001 for AGNs with M BH ~ 
0.1 Mq yr" 1 . 

For example, in t he galaxy merger models of 
iDi Matteo et al.l (|2005l ) that produce a final black hole 
mass ~4x 10 7 M Q , which is appropriate for our sample 
(see Figured]), the SFR/BHAR ratio reaches ~ 200 at 
the peak of star-formation activity as the galaxies coa- 
lesce and drops to ~ 5 at the end of the bright AGN phase 
(M BH >0.1M o yr 1 ). Although the RSA Seyferts show 
little evidence for merger activity, our results for nuclear 
SFRs are broadly consistent with these values. For lower 
accretion rates (Mbh = 10 -3 -10~ 2 Mm yr" 1 ) charac- 
teristi c of earlier merger phases in the IDi Matteo et al.l 
pOOll) model, the SFR/BHAR ratio falls in the 500-1000 
range, consistent with our results for total SFRs (see Fig- 
ure rill. 

The starburst disk models of [Thompso n et all (2005) 



that produce Mbh ~ 0.1 M Q yr -1 suggest that most of 
the gas being supplied at an outer radius R out — 200 pc 
will be consumed by a starburst near that outer radius, 
resulting in SFR/BHAR— 10 3 . While inconsistent with 
our measurements for local Seyfert gala xies, this model is 
perhaps consistent w ith the findi n gs of [Hao et al.l (2005) 
for AGN-ULIRGs. iBallantvnd (120081) used a scaled- 
down version of the IThompso n et alj (|2005) model to 
study less powerful starbursts around AGNs. They found 
SFR/BHAR- 200 inside r = 100 pc for a fiducial model 
with Mbh ~ 0.3 Mq yr -1 , which is more star forma- 
tion than we observe in r = 1 kpc apertures (see Fig- 
ure ©. They also predict that the SFR/BHAR ratio 
should increase toward lower AGN luminosities due to 
competition for gas between between star formation and 
black hole accretion. This model assumes a constant gas 
supply, and could perhaps be reconciled with our obser- 
vations if the gas supply were depleted in such a way that 
t he SFR decrea sed more quickly than the BHAR. 

lEscalal (|2007l ) studied the evolution of the central kpc 
of a massive nuclear disk with a central black hole and 
find that the SFR and BHAR trace each other during the 
primary growth phase (SFR oc M B h) with SFR/BHAR 
ratios in the 3-50 range. This is consistent with our re- 
sults regarding nuclear SFRs for sources with Mbh > 
0.01 Mq yr -1 (see FigurcEQ). Focusing on smaller scales, 
IKawakatu fe Wadal (|2008|) studied a 100 pc circumnu- 
clear disk with accretion being driven by turbulence from 
supcrnovae. They found a correlation between SFR and 
BHAR only for sources with M B h > 0.01 M Q yr" 1 , and 
they predict that the SFR/BHAR ratio should increase 
with AGN luminosity, reaching a maximum ratio — 2. 
This model predicts less circumnuclear star formation 
than we observe in r — 1 kpc apertures, and can only 
be reconciled with our observations if there is 10 x more 
star formation on 100 pc< r < 1 kpc scales than on 
r < 100 pc scales. 

Hopkins fc Quataertl (|2010l ) went a step further and 
made predictions for the relationship between SFR and 
BHAR as a function of radius. They used results from 
large-scale (100 kpc to 100 pc) simulations of galaxy 
mergers and barred galaxy disks, and then re-simulated 
the central kpc (1 kpc to 10 pc) and the central 10 pc 
(10 pc to 0.1 pc) at higher spatial resolution. They find 
SFR/BHAR ratios ranging from ~ 10 for R < 100 pc 
to ~ 30 for R < 1 kpc, and — 300 for the whole galaxy, 
which is consistent with our results for nuclear and to- 
tal SFRs. They also find SFR oc Mbh on the smallest 
scales (R < 10 pc) and SFR oc Mbh 011 l ar g er scales, 
which is in general agreement with the scalings we find 
for nuclear star formation. 

6.3. Implications for Black Hole and Bulge Growth 

It is worthwhile to consider our measurements 
of nuclear SFRs and BHARs in terms of the ob- 
served scali ng between galaxy bulge and black hol e 
masses fe.g..lMarconi fc Huntil200^IHaring fc Rlxl200l . 
iHeckman et al.l (|2004D analyzed a sample of bulge- 
dominated galaxies from the Sloan Digital Sky Survey 
and found that the integrated black hole growth (from 
galaxies hosting AGNs) and star formation (from all 
galaxies) corresponded to SFR/BHAR — 10 3 , c onsistent 
with the observed bulge/black hole mass ratio. iFu et al.l 
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(2010) performed a similar exercise for a sample of lumi- 
nous infrared galaxies and found similar results for the 
integrated population. For our sample, we find a median 
SFR/BHAR = 36 on scales of r = 1 kpc (the integrated 
total corresponds to SFR/BHAR = 23), which is factor 
of ~ 20 below the m edian bulge/black hole mass ratio 
(|Haring k Rix! 120041) . This implies an AGN duty cycle 
of ~ 5%, which is within a factor of two of t he Seyfert 
fractio n in the RSA galaxy sample (~ 10%, I Ho et all 
Il997al) . 

There are several caveats associated with the above 
estimate, including the fact we excluded the most star- 
formation dominated Seyferts (see Section ^ and that 
the our nuclear apertures have not been customized to 
match the bulge of each galaxy. A systematic bulge/disk 
decomposition is beyond the scope of this work, but 
r = 1 kpc correspo nds roughly to the effective radius 
of a 10 10 Mp, bulge dMarconi k Hunt! 12061 iShen et al.1 
20031 IGrahainfc Worlcv 200^7 meaning that our nuclear 
apertures encompass half the light of such a bulge (and 
less light for more massive bulges) . Accounting for these 
effects, as well as potential bulge growth through dynam- 
ical process that relax the orbits of pre-existing stars, 
would tend to increase our estimate of the AGN duty 
cycle. We have also assumed that local Seyfert galaxies 
obey the black hole-bulge scaling relations defined pri- 
marily by early-type galaxies wit h classical bulges, which 
may or may not be the case fe.g..lGra ham 200a lHull2008t 
IGreene et al1l2lTl0l iKoTmendv et al.H201lh . 

We now consider our results in the context of AGN 
fueling mechanisms. A number of morphological stud- 
ies of AGN host galaxies at z < 1 have argued 
that the fueling for most systems is not merger driven 
(e.g-JGrogin et al.ll2005t iPierce et al.l l2007t iGabor et al.l 
2009; Cis ternas et al.l 120 111 ). While large-scale bars 
can also provide the necessary gravitational torques to 
drive gas down to ~ 100 pc, there is not strong ev- 
idence that Seyfert galaxies exhibit a larger bar frac- 
tion than do star-forming galaxies (e.g..lHo et aJ.JI1997bt 
iMulchaev k Regard 119971 : Hunt k Malkanl 119991 How- 
ever, both Seyfert and star-forming activity appear to 
be associated with a higher incidence of bars t han found 
in qu iescent galaxies (|Laurikain en et al1l2004t lHao et all 
2009). We have demonstrated that the BHAR is corre- 
lated with the amount of gas on sub-kpc scales (adopting 
the SFR oc assumption of the Schmidt -Kennicutt 
relationship. iSchmidtl 11959: Kcn nicuttl 1199 81/). but such 
gas still needs to shed most of its angular momentum 
to reach the black hole. Future studies with ALMA of 
the spatial distribution and kinematics of molecular gas 
down to ~pc scales in local Seyfert galaxies will probe 
the nature of this fueli ng more directly. We note that 
iDavies et all ((2007) and lWild et"afl (|2010f ) presented evi- 
dence for a time delay between the onset of star formation 
and AGN activity, which can be explained if the black 
hole is being fed by outflows from intermediate-age stars. 
Our observations are not sensitive to detecting such a 
^100 Myr time delay because the aromatic features will 
continue to be excited by UV photons from longer- lived B 
stars (e.g.. iPeeters et all 12004 iDiaz-Santos et alJl2010f ). 
The required loss of angular momentum could also be 
explained by dynamical instabilities in self-gravitating 
disks (e.g.. iHopkins k Quataertil2010l ). 



6.4. Behavior as a Function of Seyfert Type 

The re have been sugges t ions from the oretical 
e.g., iWada k Normanl 120021: iBallantvne et al. 
and observational w ork (e.g .. iMaiolino et al 



Mouri k Taniguchi 
Deo et all 120071: 



2002; 



2006) 



Buchanan et al 
Melendez et al.l l2008bfi ~~t"hat 



1995 



2006 



star 

formation is enhanced in obscured (i.e., type 2) AGNs. 
This would be inconsis t ent w i th the standard unified 
model (e.g., lAntonuccil 119931: lUrrv k Padovanil 119951 ) 
where differences between obscured and unobscured 
AGNs are attributed to our viewing angle towards 
a central obscuring torus, and would suggest that 
the obscuring material in type 2 AGNs is related to 
star-formation activity in the host galaxy. However, we 
find that the distributions of nuclear SFRs, extended 
SFRs, total SFRs, and SFR/BHAR ratios for our sample 
do not exhibit any statistically significant differences 
between type 1 and type 2 Seyferts. While this result 
does not definitively rule out any difference between the 
star-forming properties of type 1 and type 2 AGNs, it 
does imply that such differences are not dramatic. 

We note that results on star-formation activity as a 
function of Seyfert type likely depend on sample selec- 
tion and the method used to measure the SFR. A com- 
prehensive analysis of these factors is beyond the scope 
of this work, but their effect is apparent in p r evious 
published results. For example, IMaiolino et al.l (1995) 
studied a sample including 5 1 Seyferts from the CfA 
sample (jHuchra k Burg|[l992j) . 59 fr om the RSA sam - 
ple, and 84 from the 12 /im sample ((Rush et al.l Il993h ■ 
By comparing ground-based 10 /urn observations with 
IRAS 12-100 /im fluxes, they found that the extended 
IR emission in type 2 Seyferts tends to have a much 
redder color than that in type Is, consistent with en- 
hanced star format i on in the type 2 galaxies. Similarly, 
iMouri k Taniguchil (|2002D studied a sample of 50 RSA 
and 37 CfA Seyferts and found that Seyfert 2s had larger 
infrared/B-band and larger 100 /im/60 /(m flux ratios, 
implying that they were more often starburst or host- 
galaxy dominated. On the other hand. llmanishi k Wad"al 
(2004) studied a sample of 24 CfA and 33 12 /im Seyferts 
and found no significant difference in 3.3 /im aromatic 
feature lumin osities between type 1 and typ e 2 Seyferts. 
More recently. iPereira-Santaella et al.l ()2010[ ) found a sig- 
nificant enhancement in the fraction of type 2 Seyferts 
that exhibit excess [Ne in] emission associated with star 
formation for a heterogeneous sample of 201 Seyferts, 
but found no significant difference when considering more 
complete samples of 70 RSA and 97 12 /im Seyferts. 

7. CONCLUSIONS 

We have measured BHARs based on the [O iv] emis- 
sion line and nuclear, extended, and total SFRs based on 
the 11.3 /im aromatic feature and extended 24 /im contin- 
uum emission for a complete sample of Seyfert galaxies. 
We find a strong correlation between the nuclear star for- 
mation and black hole accretion, where the nuclear star 
formation is traced by the 11.3 /im aromatic feature and 
24 /tm emission external to the central PSF but within 
r = 1 kpc (see Figures [5] and [9]). On the other hand, the 
extended (r > 1 kpc) and total SFRs are only weakly cor- 
related with the BHAR (see Figure [T0Hl~2l and Table 2). 
This suggests a connection between gas on sub-kpc scales 
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that is forming stars and the gas on sub-pc scales that 
is accreting onto the black hole. While the physical pro- 
cesses that drive this relationship (e.g., mass loss from 
evolved stars, angular momentum loss from gravitational 
instabilities) are not clearly identified by these data, the 
connection is apparently unrelated to external processes 
on kpc scales in the host galaxy. 
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TABLE 1 

Measurements and Derived Parameters 



NAME 


11.3 fivci 


[Ne n] 


aperture 


SFR 


SFR 


M B h 


M BH 






intensity, EW, SFR 


intensity, SFR 




r = 1 kpc 


r > 1 kpc 




value, method, rcf. 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 



IC2560 

IC3639 

IRAS11215 

MRK509 

NGC788 

NGC1058 

NGC1097 

NGC1241 

NGC1275 

NGC1358 

NGC1365 

NGC1386 

NGC1433 

NGC1566 

NGC1667 

NGC2273 

NGC2639 

NGC2655 

NGC2685 

NGC2992 

NGC3031 

NGC3079 

NGC3081 

NGC3147 

NGC3185 

NGC3227 

NGC3254 

NGC3281 

NGC3486 

NGC3516 

NGC3735 

NGC3783 

NGC3941 

NGC3976 

NGC3982 

NGC4051 

NGC4138 

NGC4151 

NGC4235 

NGC4258 

NGC4378 

NGC4388 

NGC4395 

NGC4477 

NGC4501 

NGC4507 

NGC4565 

NGC4579 

NGC4593 

NGC4594 

NGC4639 

NGC4698 

NGC4725 

NGC4939 



5.14±0.20e- 
1.39±0.05e- 
5.70±1.40e- 
6.50±0.14e- 
1.17±0.15e- 
1.91±0.06c- 
1.50±0.03e- 
5.83±1.01e- 
3.75±0.16e- 
8.07±1.81e- 
4.51±0.05c- 
9.73±0.34e- 
6.08±0.15e- 
1.06±0.01e- 
4.01±0.38c- 
2.69±0.03c- 
1.34±0.05e- 
4.81±0.19e- 
4.68±0.29e- 
1.47±0.02e- 
2.54±0.16e- 
2.12±0.03e- 
3.66±0.12e- 
2.13±0.19e- 
1.00±0.04e- 
3.24±0.03c- 
3.06±0.38c- 
1.24±0.25e- 
8.82±1.70e- 
2.29±0.26c- 
7.59±0.30e- 
1.10±0.20e- 
1.29±0.35e- 
1.50±0.25e- 
3.21±0.19e- 
1.12±0.03e- 
1.05±0.03e- 
4.03±1.72e- 
1.24±0.15e- 
3.40±0.03c- 
1.29±0.04c- 
1.58±0.03e- 
2.82±0.31e- 
1.55±0.04e- 
3.06±0.03c- 
7.95±0.18e- 
1.47±0.19e- 
3.13±0.13e- 
2.65±0.29e- 
3.77±1.09e- 
1.67±0.03e- 
9.75±3.34e- 
2.83±1.68e- 
7.78±0.94c- 



07, 
06, 
08, 
07, 
07, 
07, 
06. 
07, 
07, 
08. 
06. 
07, 
07. 
06, 
07. 
06. 
07. 
07, 
08, 
06. 
07, 
05, 
07, 
07, 
06. 
06, 
08, 
06, 
08. 
07, 
07, 
07, 
08, 
07, 
07, 
06, 
07, 
07, 
07, 
07, 
07, 
06, 
08, 
07, 
07, 
07, 
07, 
07, 
07, 



, 0.10 
, 0.20 
., 0.02 
, 0.10 
, 0.04 
, 1.68 
, 1.07 
, 0.83 
, 0.03 
, 0.27 
, 0.34 
, 0.13 
, 1.40 
., 0.56 
', 1.16 

0.50 

, 0.53 
, 0.47 
, 0.24 
, 0.28 
, 0.06 
, 9.70 
, 0.06 
, 0.24 
, 1.60 
, 0.46 
,, 0.46 

o.io 
;, 1.24 
, 0.04 
, 0.31 
, 0.01 
, 0.05 
, 0.71 
, 0.67 
, 0.12 
, 0.18 
, 0.02 
, 0.16 
, 0.15 
', 0.62 
0.23 

;, 0.18 

', 0.62 
, 0.87. 
, 0.06 
, 0.37 
, 0.26 
, 0.04 

08, 0.06 

07, 0.67 

09, 0.08 

08, 0.06 
08, 0.07 



3.0e-01 
6.1c-01 
7.8e-02 
4.7c+00 
1.2c-01 
5.7c-03 
1.4c-01 
5.9c-01 
6.5e-01 
8.2c-02 
7.3c-01 
3.8c-02 
3.8c-02 
1.4c-01 
5.3c-01 
7.6c-01 
8.6c-02 
1.0e-01 
4.3c-03 
6.0e-01 
1.2c-03 
3.1c+00 
1.5c-01 
1.3e 
1.6e 
4.8e 
6.0e 
8.7e 
1.7c 
1.2e 
4.5e 
5.0e 
1.6e 
7.5c 
3.3e 
1.1c 
Lie 
5.8e 
5.4e 
7.7c 
5.6e 
1.6c 
2.1e 
1.5e 
3.0e 
9.9e 
4.9e 
3.1e 
1.6c 
5.3e 
1.7c 
9.7e 
1.5e 
5.9e 



01 
01 
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03 
01 
03 
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01 
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02 
02 
03 
02 
01 
04 
02 
02 
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03 
02 
01 
03 
02 
04 
03 
02 



1.58±0.03c 
3.11±0.03c 
1.67±0.02e- 
1.05±0.02e- 
5.16±0.17e- 
8.94±1.10e- 
1.44±0.03e- 
7.88±0.57e- 
3.17±0.03e- 
2.79±0.31e- 
6.07±0.06c- 
1.18±0.04e- 
4.96±0.21e- 
7.46±0.20c- 
4.97±0.28c- 
3.20±0.03c- 
7.55±0.09c- 
7.10±0.35e- 
6.47±0.56c- 
3.26±0.03e- 
1.79±0.03e- 
1.17±0.01e- 
9.60±0.10e- 
3.10±0.30c 
7.56±0.36e 
5.15±0.05c- 
2.91±0.60c 
1.77±0.03c- 
5.83±3.20c- 
4.54±0.39c 
5.84±0.37e- 
1.44±0.21e- 
6.25±0.61e- 
1.34±0.30e- 
5.59±0.27e- 
1.04±0.06e 
1.71±0.05c 
2.46±0.07e- 
2.99±0.29c- 
7.47±0.07e- 
5.96±0.73e- 
4.98±0.05c- 
2.64±0.04c- 
1.96±0.07e- 
3.94±0.05e- 
2.81±0.03c 
1.99±0.29c 
1.03±0.02c- 
4.02±0.38c- 
6.63±0.07e- 
9.46±0.57e- 
5.85±0.50c 
6.01±2.35e- 
6.05±0.16e- 



-07 
-07 
-08 
-07 
-08 
-09 
-07 
-08 
-07 
-08 
-07 
-07 
-08 
-08 
-08 
-07 
-08 
-08 
-09 
-07 
-07 
-06 
-08 
-08 
-08 
-07 
-09 
-07 
-09 
-08 
-08 
-07 
-09 
-08 
-08 
-07 
-08 
-07 
-08 
-08 
-09 
-07 
-08 
-08 
-08 
-07 
-08 
-07 
-08 
-08 
-09 
-09 
-09 
-08 



7e-01 
4e+00 
4e-01 
0e+00 
6e-01 
8e-03 
5e-01 
5e-01 
8e+00 
0e-01 
0e+00 
9e-02 
3e-02 
0e-01 
9e-01 
6e-01 
le-01 
6e-01 
3e-03 
4e+00 
6e-03 
8e+00 
2e-01 
9e-01 
3e-01 
le-01 
Oe-03 
3e+00 
2e-03 
5e-01 
6e-01 
0e-01 
3e-03 
le-02 
Oe-02 
le-01 
8e-02 
8e-01 
4e-01 
8e-02 
7e-02 
2e-01 
le-03 
Oe-02 
le-02 
7e+00 
9e-03 
le-01 
5e-01 
8e-02 
9e-03 
le-03 
4e-03 
9c-01 



0.71 x 1.42 
0.62 x 1.23 
1.09 x 2.18 
2.51 x 5.02 
0.94 x 1.89 
0.16 x 0.32 
0.29 x 0.58 
0.94 x 1.88 
1.22 x 2.45 
0.94 x 1.87 
0.38 x 0.75 
0.19 x 0.37 
0.23 x 0.46 
0.34 x 0.68 
1.07 x 2.14 
0.50 x 0.99 
0.74 x 1.49 
0.43 x 0.85 
0.28 x 0.57 
0.60 x 1.19 
0.06 x 0.13 
0.36 x 0.71 
0.60 x 1.19 
0.71 x 1.43 
0.37 x 0.74 
0.36 x 0.72 
0.41 x 0.82 
0.78 x 1.56 
0.13 x 0.26 
0.68 x 1.36 
0.72 x 1.43 
0.63 x 1.26 
0.33 x 0.66 
0.66 x 1.32 
0.30 x 0.59 
0.30 x 0.59 
0.30 x 0.59 
0.35 x 0.71 
0.61 x 1.23 
0.14 x 0.28 
0.61 x 1.23 
0.29 x 0.59 
0.08 x 0.16 
0.29 x 0.59 
0.29 x 0.59 
1.04 x 2.08 
0.17 x 0.34 
0.29 x 0.59 
0.72 x 1.44 
0.35 x 0.70 
0.29 x 0.59 
0.29 x 0.59 
0.22 x 0.43 
0.81 x 1.63 



3.6e-01 
7.0e-01 
8.9c-02 
4.7e+00 
1.2c-01 
2.1c-02 
2.3e+00 
5.9c-01 
6.5e-01 
8.2c-02 
4.8e+00 
5.4e-02 
6.9e-02 
1.8e-01 
5.4e-01 
7.6c-01 
1.0e-01 
1.2c-01 
1.0e-02 
7.7e-01 
1.7c-02 
3.4e+00 
1.5c-01 
1.5c-01 
1.7c-01 
4.8c-01 
1. le-02 
8.7c-01 
2.8c-02 
2.0c-01 
5.1c-01 
5.0c-02 
1.0e-02 
9.3c-02 
1.5c-01 
1.3c-01 
2.8e-02 
5.8c-02 
6.5c-02 
4.6c-02 
5.9e-02 
2.1c-01 
1.3c-03 
2.2c-02 
6.8c-02 
9.9e-01 
4.0e-02 
4.7c-02 
1.6e-01 
3.4c-02 
2.1c-02 
5.1c-03 
1.0e-02 
5.9e-02 



1.2c+00 



2.1c-01 
5.9c-02 
2.3e+00 
2.4c+00 

1.2c+00 
8.4e+00 

1.7c-01 
2.5e+00 
7.8e+00 

1.2c+00 
3.1c-01 
1. le-01 
5.4c-01 
1.7c-01 
2.1e+00 
3.1c-01 
4.7e+00 
1.4e-01 
2.1c-01 
4.4e-01 

7.0c-02 

2.9c+00 

1.5c-01 
1.7c+00 
4.9e-01 
8.8e-01 
l.le-01 

1.4e-01 
3.9e-01 
5.6e-01 
2.4c-01 
2.0e-02 
2.5c-02 
1.7c+00 

5.3c-01 
4.7c-01 
4.8c-01 
6.6e-01 
1.2e-01 
7.4c-02 
3.4e-01 
2.4e+00 



5.1c-02 
l.lc-02 
2.5e-02 
3.2e-01 
3.6e-02 

< 2.3e-05 

7.7c-03 
2.6e-02 
1.4e-02 
3.8c-02 
6.0e-03 

< 6.7e-04 
1.7c-03 
1.3e-02 
6.2e-03 
1.8e-03 

< 2.6e-03 
6.2e-05 
8.4e-02 
3.2e-05 



6.8e+06, dis, 1 

1.4e+08, rev, 2 
3.2e+07, dis, 1 



< 



7.6e- 

< 2.3e- 
2.0e- 
1.6e- 

< 4.5e- 
1.9e- 

< 9.9e- 
3.7c- 
3.4e- 
2.9e- 
1.8e- 
5.7e- 
7.3e- 
5.0e- 
3.2c- 
5.5e- 
2.2e- 
2.6e- 

< 1.2e- 
4.8e- 
8.1e- 
2.0e- 
4.0e- 
6.7c- 
2.1e- 



1.3e- 
5.3e- 

< 1.9e- 

< 3.1c- 
1.5e- 
7.7c- 



02 
03 
03 
02 
04 
01 
05 
02 
02 
02 
04 
01 
04 
03 
04 
02 
03 
04 
03 
02 
05 
04 
04 
02 
04 

02 
04 
04 
04 
04 
02 



2.9e+07. 
3.8e+08 
7.6e+07. 

1.7c+07 



7.6e+07. 
2.0e+07. 
8.7c+07. 
5.5e+07. 
6.4e+06 

8.0c+07 

2.3e+07 
2.0e+08 
3.3e+06 
4.2e+07 
1.6e+07 
1.9e+07. 
1.5e+06 
4.3e+07. 
3.3e+07. 
3.0c 
2.6e 
Lie 
1.2e 
1.7c+06 
1.8e+07. 
4.6e+07. 
4.4e+07. 
3.8e+07. 
l.lc+08 
1.7c+07 
3.6e+05 
8.2e+07. 
7.2e+07. 
3.8e+07. 
2.9e+07. 



^07 
-07 
^08 
r 06 



9.8e+06 
5.7c+08 
7.1c+06 
4.1c+07 
3.2e+07. 



dis, 1 
dis, 3 
dis, 1 

dis, 1 



dis, 1 
dis, 1 
dis, 3 
dis, 3 
dis, 3 

gas, 4 

dis, 1 
dis, 3 
dis, 3 
rev, 5 
dis, 3 
dis, 1 
dis, 3 
rev, 2 
dis, 3 
rev, 
dis, 
dis, 
dis, 
rev, 
dis, 3 
rev, 6 
dis, 3 
mas, 7 
dis, 3 
dis, 1 
rev, 2 
dis, 3 
dis, 1 
dis, 1 
dis, 3 



2 
3 
3 
1 
5 



7.2e-02 

9.6e-02 
4.8e-02 



1. le-02 
2.9e-03 
8. le-03 

1.5e-02 



7.3e- 
1.3e- 
8.8e- 
< 2.0c- 
4.1e- 



rev, 8 
sta, 10 
dis, 3 
dis, 3 
dis, 3 



1.4e- 

< 5.0c- 
2.7c- 
1.6e- 

< 1.2c- 
4.2e- 

< 2.9c- 
3.7c- 
4.5e- 
4.1e- 

< 3.0c- 
2.2e- 
2.5e- 
1.2e- 
7.7c- 
5.2e- 
2.2c- 
3.0c- 

< 4.6c- 
1.2e- 
9.6e- 
1.0c- 
2.3e- 
7.5e- 
3.2c- 

5.5e- 
4.0e- 

< 1.1c- 

< 3.3c- 
2.0e- 



03 
02 
04 
03 
•04 



1.7c-05 



-01 
-04 
-02 
-02 
-03 
-01 
-03 
-02 
-02 
-02 
-04 
-04 
-02 
-01 
-04 
-02 
-03 
-04 
-04 
-01 
-03 
-04 
-04 
-02 
-04 

-02 
-05 
-03 
-04 
-04 



9= 

B 

c 
p 

I 

CO 
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TABLE 1 — Continued 



IN A Mill 


11.3 


fim 








[Nc n] 






aperture 


or K 


or K 






M 


BH 






intensity, EW, SFR 




intensity, SFR 










r = 1 kpc 


r > 1 kpc 






value, method, ref. 






(!) 




(2) 








(3) 






(4) 


(5) 


(6) 


(7) 






(8) 


(9) 




NGC4941 


i qi _i_n oQo 
i .oiznu.uye- 


-07 


0.08, 


1.3c- 


-02 


1 OQ-t-0 


Ole- 


07. 


1 le— 


-01 


0.29 


X 


0.59 


1.3e— 02 


1.2e— 01 


A '\o 

i ±. La— 


uo 


3.4e+06, 


dis, 1 


o. zc— 


-uz 


NGC4945 


9 qft-i-o 09n 
z.ouznu.uze- 


-05, 


26.11, 


1.5e 


-01 




05e- 


06. 


3 7e> 


-01 


0.08 


X 


0.15 


5.6e— 01 


l.l e -l_00 
















NGC5005 


3 37^0 n^n 


-06 


2.59, 


5.4e- 


-01 


3 97-t-O 
O.Z / ZHU 


04e- 


07. 


o.oe— 


-01 


0.37 


X 


0.74 


6.3e— 01 


1.8e_l_00 
















NGC5033 




-06 


1.32, 


1.5c- 


-01 


1 97-t-O 
i.z / znu 


02e- 


07. 


1 6e- 


-01 


0.33 


X 


0.65 


3.3 e _0l 


1.8e+00 


1 Ho 


03 
uo 


4.4e+07, 


dis, 1 


1 . / c — 


"UO 


NGC5128 


9 80-1-0 9Sn 

z.ouzcu.zoe- 


-06 


0.06, 


1.8e- 


-02 


9 OS-t-0 
Z.UoIEU 


02e- 


06. 


1 Aa 

i .^te— 


-01 


0.08 


X 


0.15 


3.7 e _0l 


7.1 e _01 


1 Ao 
1 . ic — 


03 


7.0en 


-07, 


sta, 10 


fi Ao 


n i 

"Ul 


NGC5135 


A 03^0 O^o 


-06 


1.05, 


5.8e+00 


c 1 3-1-0 
O. lOIEU 


08e- 


07. 


i .ue- 


-01 


1.01 


X 


2.01 


6.ie+00 


3.6e+00 


1 . oC — 


Ol 
Ul 


2.2eH 


-07, 


dis, 1 


9 c;^ 

Z. DC — 


-Ul 


NGC5194 


£o^o 1 
u.ounzu.ioe- 


-07 


0.88, 


1.7e- 


-02 


1 fi^-t-0 


02e- 


07. 


4 4e- 


-02 


0.15 


X 


0.29 


2.8e— 01 


2.2e+00 


7 Jn 


] 


8.9e- 


-06, 


dis, 1 


^ ^o 

o. oc— 


-UO 


NGC5273 


3 90^0 1 Qo 
o.zunzu.iyc- 


-07 


0.63, 


5.1e- 


-02 


9 74-t-O 

Z. I 'iXU 


30e- 


08. 


4 6e- 


-02 


0.37 


X 


0.74 


5.7 e _02 




1 9o 


03 
UO 


2.1eH 


-06, 


dis, 1 


9 ^o 

z. oc— 


09 

-uz 


NGC5395 


1 99^n O^o 


-07 


1.30, 


9.4e- 


-02 


4 44i0 


50e- 


09. 


3 ft.^> 


-02 


0.82 


X 


1.63 


g.9 e _02 


2.4e+00 
















NGC5427 


9 ft.Q^0 HAn 

ji.oyxu.U'ie- 


-07 


0.38, 


1.5e- 


-01 


A 03-1-0 


06e- 


08. 


9 Aa 
Z.^te — 


-01 


0.71 


X 


1.41 


2.3e— 01 


2.9e+00 


1 7a 

o. i e— 


03 
UO 












NGC5506 


!.OiXU.UU(3 


-06 


0.10, 


5.8e- 


-01 


R RO-t-0 
o.uuznu 


06e- 


07. 


1 . ,7C 


-00 


0.52 


X 


1.05 


5.8 e _oi 






01 


4.5en 


-06, 


dis, 1 


1 1 oJ 

1 . ±c- 


no 

-uu 


NGC5631 




-08 


0.20, 


9.8e- 


-03 


4 41i0 


55e- 


09. 


1 7t> 
1 . i e— 


-02 


0.57 


X 


1.14 


1.3e— 02 


3.1e— 02 


(5.DC — 


-1 


6.7c- 


-07, 


dis, 3 


<C 5.5e— 


ni 

■in 


NGC5643 


1 QS^O OQo 

i .yonzu.uye- 


-06 


0.40, 


1.4e- 


-01 


9 90-t-O 

z.zyzcu 


09e- 


07. 


1 .OC — 


-01 


0.25 


X 


0.50 


2.4e— 01 


8.7 e _01 


1 Ao 


09 

uz 












NGC5728 


9 i n^n 09o 


-06 


1.44, 


1.2c+00 


9 1 C-l-0 
z. loznu 


02e- 


07. 


1 4e- 


-00 


0.72 


X 


1.43 


1.4e+00 


1.7e-|-00 


1 1 


01 


1.6eH 


-08, 


dis, 1 


9 Ho 
z.oc— 


09 

-uz 


NGC5899 


ft 49^0 39n 


-07 


0.92, 


4.1e- 


-01 


C QQ-1-0 

o.yoznu 


35e- 


08. 


6.1e- 


-01 


0.75 


X 


1.49 


4.3 e _0l 


2.4e+00 


z. zc— 


09 
UZ 












NGC6221 


ft c;n+n 07e- 


-06 


0.83, 


8.5e- 


-01 


1.77±0 


02e- 


06. 


2.4e^ 


-00 


0.34 


X 


0.67 


1.7e+00 


3.6e+00 
















NGC6300 


^ 07^n 03^ 


-06 


0.34, 


2.1c- 


-01 


1 7fi-t-0 
1. t UIU 


02e- 


07. 


1.3e- 


-01 


0.24 


X 


0.49 


2.1e— 01 


9.3 e _0l 


3 4e— 


03 
uo 












NGC6814 


9 QQXn 91 ~ 


-07 


0.10, 


5.4e- 


-02 


ft i c;-|-o 


36e- 


08. 


1.5e- 


-01 


0.45 


X 


0.89 


9.2e— 02 


1.4e+00 


y . / c— 


03 
UO 


1.8e- 


-07, 


rev, 11 


9 9o 

z. zc— 


09 

-uz 


NGC6951 


9 03^0 ofio 

z.uonzu.uue- 


-06 


1.59, 


4.1e- 


-01 


2 44i0 


04e- 


07. 


5.3e- 


-01 


0.42 


X 


0.84 


g.7 e _0l 


2.0e+00 


z . oc — 


03 
UO 


2.2eH 


-07, 


dis, 3 


X* Ho 


'3. 

-uo 


NGC7130 


2.61±0.07e- 


-06 


0.62, 


4.3e+00 


5.29±0 


08e- 


07. 


9.3e4 


-00 


1.20 


X 


2.40 


4.3e_l_00 


6.7e+00 


o . y c — 


09 
UZ 


3.3e- 


-07, 


dis, 1 


^ rio 
o.uc— 


09 

-uz 


NGC7172 


1.46±0.06e- 


-06 


1.70, 


7.3e- 


-01 


2.22±0 


02e- 


07. 


1.2e-t 


-00 


0.66 


X 


1.31 


7.9e_01 


6.8e— 01 


3.1e- 


02 


4.7c+07, 


dis, 1 


2.8e- 


-02 


NGC7213 


2.04±0.03e- 


-07 


0.06, 


4.4e- 


-02 


1.34±0 


03e- 


07. 


3.1c- 


-01 


0.43 


X 


0.87 


4.4e-02 


3.9e-01 
















NGC7314 


2.55±0.11e- 


-07 


0.12, 


3.9e- 


-02 


6.40±0 


14s- 


08. 


l.Oe- 


-01 


0.36 


X 


0.73 


6.6e-02 


6.2e-01 


1.6e- 


02 












NGC7410 


1.74±0.13e- 


-07 


1.17, 


3.8e- 


-02 


2.91±0 


19e- 


08. 


6.6e- 


-02 


0.43 


X 


0.87 


4.6e-02 


3.0e-01 


< 4.1e- 


03 












NGC7469 


5.40±0.05e- 


-06 


0.38, 


8.5e+00 


1.17±0 


01c- 


06. 


1.9c+01 


1.17 


X 


2.34 


8.5e+00 








1.2en 


-07, 


rev, 5 






NGC7479 


8.70±2.20e- 


-07 


0.14, 


3.2e- 


-01 


1.16±0 


11c- 


07. 


4.5e- 


-01 


0.57 


X 


1.13 


3.2e-01 


1.7e+00 


2.8c- 


03 


4.8e- 


-07, 


dis, 3 


2.5e- 


-03 


NGC7496 


1.42±0.03e- 


-06 


0.49, 


2.7c- 


-01 


2.77±0 


04e- 


07. 


5.5e- 


-01 


0.40 


X 


0.81 


2.7c-01 


5.1c-01 
















NGC7582 


4.10±0.04e- 


-06 


1.42, 


7.0e- 


-01 


3.60±0 


04e- 


07. 


6.5e- 


-01 


0.38 


X 


0.77 


2.1c+00 


1.9e+00 


5.8e- 


02 


5.5en 


-07, 


gas, 12 


4.5e- 


-02 


NGC7590 


4.57±0.81e- 


-07 


1.54, 


7.8e- 


-02 


2.73±0 


34e- 


08. 


4.9e- 


-02 


0.38 


X 


0.77 


1.6e-01 


l.le+00 


8.1e- 


04 


6.2eH 


-06, 


dis, 1 


5.6e- 


-03 


NGC7743 


3.42±0.03c- 


-07 


1.23, 


7.2c- 


-02 


4.52±0 


28e- 


08. 


l.Oe- 


-01 


0.43 


X 


0.85 


7.9e-02 


4.9e-02 


9.4e- 


01 


5.3eH 


-06, 


dis, 3 


7.6e- 


-03 



Note. — Col. (1): Galaxy name. Col. (2): 11.3 fim aromatic feature intensity [W m -2 sr _1 ], equivalent width [//m], and derived star-formation rate [Mq yr -1 ]. Col. (3): [Nc II] intensity 
[W m -2 sr _1 ] and derived star-formation rate [Mq yr -1 ]. Col. (4): Physical size of the 3.6" X 7.2" aperture used for the two previous columns [kpcxkpc]. Col. (5): Star- form at ion rate inside 
r — 1 kpc [Mq yr -1 ]. Col. (6): Star- form at ion rate outside r — 1 kpc [Mq yr -1 ]. Col. (7): Black hole accretion rate dervicd from the [O iv] luminosity [Mq yr -1 ]. Col. (8): Black hole mass 
[Mq], method used to determine black hole mass (mas: mascr dynamics, di s: bulge velocity d isper sion, rev: reverberatio n ma pping, gas : gas dyna mics, ste: stellar dynam ics), and reference 
for bla ck h ole mass (see below ). C ol. (9): Eddingto n ratio . Re ferences: ( 1) | Bian fe Gul j2007D. (21 [Peterson et al.N2004D. f3)|Ho eta: " 
tf2009h . (6) IBentz etaO f2006|) . (7) Hcrrnstcin et all J2QQ5T) . (8) |Denney et a J J2006I) . (9) Kormcndy (1988). (10) C appellari et al.| J200 : 



(2) [Peterson et al.N2004|). ( 3) Ho ct al. ( 20091 ) (4) IDevereux et al.l j2003|). (5) IDemqev et all 

P ^3). flD IBentz et all j20o'9TW l2T IWold et all J2006I) . 
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TABLE 2 
Correlation Analysis: SFR v. Mbh 



aperture 
radius 


11.3 /im 
PAH 


24 (im 
continuum 


a 




<7 


luminosity 
correlation 


flux 
correlation 


flux 
probability 


<300 pc> 
1 kpc 
> 1 kpc 

^galaxy 


Y 
Y 
N 
Y 


N 
Y 
Y 
Y 


O.SSlall 

o.67i8:SS 

i - JU -0.45 

1 5Q+ 1 15 
1- 09 -0.57 


0.80l« 2 

o.6i±8:i; 

57+ - 28 
u - ' -0.17 

n 7i +°- 45 

u - ' i -0.22 


37+0.18 
u -°' -0.20 

n 4i+ - 23 

u - 4i -0.24 
73+O.13 
u - '" 5 -0.20 

0.861^2 


95+ ' 04 
u ' yo -0.07 
n 03+O O6 

n 70+0.13 

U -'°-0.20 

n 65+° 17 

U.DO_ 22 


69+ 011 
U ' D9 -0.13 

49+0-16 

u -^ 9 -0.18 
U.OO_q 22 

14+0- 20 
u -l^-0.21 


< 1 X 1CT 6 
2.9 X 1(T 5 
0.02 
0.39 



NOTE. — The quoted values in columns 4—8 corresp ond to the median of the posterior distribution, and the range that 
encompasses 90% of that distribution (sec Kelly 2007). The values in the last column correspond to th e probability that 
no correlation exist s in the flux-flux version of the relationship, based on generalized Spearman's p ( Isobc ct al. 1986; 
lLavallev et~aT1ll992D . 



